We demonstrate the possibility of forming a single, large domain of disoriented chiral condensate (DCC) in a heavy-ion collision. In our scenario, rapid initial heating of the parton system provides a driving force for the chiral field, moving it away from the true vacuum and forcing it to go to the opposite side on the vacuum manifold. This converts the entire hot region into a single DCC domain. Interestingly, our results show that such a large DCC domain can form only when the maximum temperature of the system is within a window, roughly between 110-260 MeV.
Recently there has been a lot of interest in exploring the very interesting possibility that extended regions, where the chiral field is misaligned from the true vacuum, may form in heavy-ion collisions or in large multiplicity hadronic collisions [1, 2] . Such a region is termed as a disoriented chiral condensate (DCC). If a single large DCC domain forms, then it can lead to spectacular signatures such as coherent emission of pions which can be detected as anomalous fluctuations in the ratio R of neutral pions to all pions. However, so far it has not been possible to realize this beautiful idea as all theoretical estimates lead to formation of multiple DCC domains of rather small sizes, of the order of 4 -5 fm at best [3, 4] .
In this paper, we demonstrate the possibility of forming a large, single, DCC domain. The main idea of our model is that during the rapid heating of the initial parton system, the chiral field is driven towards the value zero due to a rapidly changing effective potential, and can overshoot it, to the opposite point on the vacuum manifold. The end result being that the entire region Ω of partons, (which can have diameter as large as 14 fm for gold nucleus), ends up with chiral field being maximally disoriented, with the chiral angle being (close to) π.
We will be working within the framework of linear sigma model, with the finite temperature effective potential (at one loop order) given by [5] 
where φ i represents components of the chiral field with φ i = π i for i = 1, 2, 3 and φ 4 = σ. Here T is the temperature. We take, m π = 140 MeV, f π = 94.5 MeV, and λ ≃ 55 (corresponding to m σ = 1 GeV). In the chiral limit there is a second order phase transition with the critical temperature T c = √ 2f π (≃ 134 MeV for our choice of parameters). With non-zero quark masses, chiral symmetry is explicitly broken, and is only approximately restored at a temperature ≃ 115 MeV in the sense that the saddle point at the chiral angle θ = π disappears above this temperature. In the conventional picture [1] , one starts with a chirally symmetric phase at T > T c and DCC formation happens as T drops below T c , spontaneously breaking the chiral symmetry.
We propose to choose a different starting point. Just after the collision of the nuclei (or, say, just before it), the chiral field in the region is definitely in the true vacuum with the chiral angle θ equal to zero, and is described by T = 0 effective potential. As the partons produced during the collision thermalize, eventually leading to a hot region with a temperature T 0 , the effective potential changes to one appropriate for that temperature. Presumably the most natural description of this thermalization stage is in terms of partons which are initially completely out of equilibrium, which then thermalize due to interactions and approach equilibrium [6, 7] . Unfortunately, it is hard to do any calculations within this highly non-equilibrium picture. We assume a simplified picture wherein we think of the initial system of partons at zero temperature which is getting heated up, finally reaching the temperature T 0 of the QGP. In this picture, at any instant, one has a well defined temperature which first increases (when the rate of thermalization as well as secondary parton production dominates) to a maximum value of T 0 , and thereafter starts decreasing due to continued plasma expansion. One can also think of the interaction of other degrees of freedom with the chiral field as giving rise to the heating of the system of the chiral field. One can object on using the chiral model at very early times [8] , and use of finite temperature effective potential for very short time scales of a non-equilibrium system. However, we believe that the basic physics of our model has generic features which do not depend on such approximations.
First consider a simple case of zero pion mass, with the temperature of the system instantaneously increased from T = 0 to T = T 1 (where T 1 < T c ). From Eqn. (1) it is easy to see that if T 1 > T c / √ 2, then the chiral field (which now starts rolling down towards zero) can overshoot the central bump (in the absence of dissipation), and roll down to the opposite side on the vacuum manifold S 3 . This will lead to maximal disorientation of the entire hot region. We now discuss the realistic case with non-zero pion mass and with a temperature evolution consisting of initial heating stage with subsequent cooling. Due to uncertainties in modeling the heating stage, we carry out calculations by taking different types of evolution in this stage, and present results for all such cases. For the cooling stage, we take the time dependence [9] , T (τ ) = T 0 (τ 0 /τ ) γ . Here, τ 0 is the proper time at which the maximum QGP temperature T 0 is achieved. First we take the longitudinal expansion model of Bjorken [9] for the plasma for which γ = 1/3. Later we will also give numbers for the spherical expansion case where γ = 1. Fig.1a shows plots of temperature as a function of the proper time. To account for the effects of thermal fluctuations on the evolution of the chiral field, we study the dynamics using the following Langevin equations of motion, see ref. [5] .φ
Here, η = 1 for linear expansion and η = 3 for spherical expansion. V (τ ) is the effective potential in Eqn. (1) . η ′ is the friction coefficient due to coupling to the heat bath and ξ i (τ ) represents Gaussian white noise term with < ξ i (τ ) >= 0 and
Here, V is the volume of the region over which the chiral field is being evolved by above equations. As mentioned in ref. [5] , these Langevin equations can be interpreted as representing the dynamics of the soft modes (say zero modes over volume V) interacting with thermal fluctuations (heat bath) obtained by integrating out the hard modes. Rough estimates suggest a value of η ′ ∼ 2.2 fm −1 , though this leads to rather strong dissipation, (see, ref. [5] where η ′ = 0.25 and 0.5 have also been used). We use a sample value of η ′ = 1 fm −1 . For η ′ = 2.2 fm −1 overshooting requires a faster cooling rate, for example, for the spherical expansion case, with rather small value of τ 0 ≃ 0.3 fm (and with T 0 ≃ 380 MeV, for the instantaneous heating case). For V, one should take the largest volume where chiral field can be expected to overshoot as a point to the opposite side on S 3 . This is because, we want to know how the chiral field in different portions in Ω, starting everywhere with θ = 0, overshoots to different points near θ = π, thereby forming a patch at θ = π. It seems reasonable to take V to be of order of a correlation volume. For definiteness we give results for V = 1 fm 3 . Results for larger V, e.g. 4 -5 fm 3 , reduce thermally generated pionic components, otherwise results are essentially the same. The noise term ξ i (τ ) in Eqn.(2) is kept constant for fixed interval △τ in between successive random updates of its value. We have considered values of △τ ranging from 0.001 fm, all the way upto 1 fm. Pionic components due to thermal fluctuation during overshoot increase with increasing △τ , but for all cases they remain smaller than about 0.5 MeV. We give results for △τ = 0.1 fm.
For the initial conditions, we choose the chiral field to be in the true vacuum at zero temperature with the chiral angle θ = 0, that is, φ 1,2,3 = 0 and φ 4 = f π .φ i is taken to be zero initially. The evolution of σ field is shown in Fig.1b corresponding to temperature evolutions shown in Fig.1a . In two of the cases we see, in Fig.1 , that σ field overshoots the central barrier and ends up becoming maximally disoriented with the chiral angle θ close to π, eventually rolling back to θ = 0, (e.g. for the solid curve, with τ 0 = 1 fm). For τ 0 = 2 fm, (again, for linear heating, with the same value of T 0 = 150 MeV), the field does not overshoot (dotted curve in Fig.1 ) and the field settles to θ = 0 without ever crossing the central barrier. Sometimes, the field settles down back at θ = 0 after crossing the central barrier more than once. DCC formation can happen even in such cases, due to additional sources of dissipation in the field dynamics arising due to coupling to other fields, as well as due to particle production etc.. We have also checked cases with smooth temperature evolution (e.g. by smoothening top portions of the linear heating cases in Fig.1a ) and the results are unchanged. Note that T 0 can be below the critical temperature itself (see, ref. [10] in this context), as shown by the dashed curve in Fig.1 where T 0 = 110 MeV and still such a large DCC can form. (This is for τ 0 = 3.5 fm with η ′ = 0.25 fm −1 , though such value of τ 0 appears to be rather large. τ 0 is smaller for smaller η ′ .) We emphasize here that our interest in a large DCC is from the point of view of its experimental signature in terms of measuring the ratio R. Thus it suffices that at every point in the physical space corresponding to a DCC, the chiral field rolls down along the same direction on S 3 , even if field is spatially varying. Due to thermal fluctuations (with η ′ = 0), pionic components become non-zero during the overshoot and the chiral field typically ends up at some point close to θ = π. We find that for all the cases we considered, thermally generated pionic component remains very small (< 0.5 MeV) during the overshoot, and upto τ ∼ 3 fm. Typically, by this time, this small pionic component near θ = π decides the direction in which the chiral field eventually rolls down on the vacuum manifold S 3 . Fig.2 shows different trajectories of the chiral field, for the linear heating case (solid curve in Fig.1 ), all starting with θ = 0. Fig.2 shows parametric plots of σ, π 1 and π 3 , for τ upto 12 fm, for cases where π 2 was the smallest component. (We mention here that evolution of individual 1-5 fm 3 size regions in Ω via Eqn.(2), neglecting spatial variations, should be justified only up to τ ∼ few fm or so. For larger times, coupling between different domains should become important. Thus for a proper large time evolution, one needs to carry out a full simulation of the field evolution in Ω.) In Fig. 2 , we see that the chiral field starts at the north pole N of the vacuum manifold S 3 (with the chiral angle θ = 0), overshoots (typically in τ < 3 fm) to the south pole S (θ = π) through the center of S 3 (marked by *), and then rolls back on the surface of S 3 , towards θ = 0. Important thing is to note the smallness of the pionic component during overshoot from θ = 0 to θ = π. In fact, thermal fluctuations in the chiral fields are not visible in Fig.2 . Wiggles in the trajectories are due to oscillations in the σ − π plane.
Thus we see that in our model, θ distribution in the DCC typically represents a small patch S on the vacuum manifold at π. If this patch does not cover θ = π then the chiral field in the entire DCC should eventually roll down roughly along one direction (strip) on S 3 , leading to emission of (approximately) coherent pions (just as will be expected for any large DCC). Let us estimate the probability of forming a patch at θ = π whose evolution everywhere in Ω leads to pions with roughly the same value of ratio R of neutral pions to all pions. Let us parameterize chiral field on S 3 by (σ, π 3 , π 2 , π 1 ) ≡ (cosθ, sinθcosφ, sinθsinφsinχ, sinθsinφcosχ). Then R = cos 2 φ, see ref. [3] . For a rough estimate, divide range of φ (from 0 to π) in four equal parts. It is clear that if the chiral field in the patch S lies in any two parts, symmetric about φ = π/2, then its evolution will be confined to these same parts, and should lead to roughly same average value of R for emitted pions. The probability for this type of patch S to form is roughly (1/2) N , where N is the number of individual domains in Ω. (Probability for other parameterizations of S 3 will be same.) For optimistic estimates, let us take individual domain volume to be about 4-5 fm 3 . Then the probability of forming a DCC with 50 fm 3 volume will be about 10 −3 . For a 100 fm 3 DCC this probability is about 10 −6 . For larger V probability for a large DCC is significantly higher. It is possible to argue that similar evolution is expected to happen also when the patch covers θ = π but is very asymmetric about it. Clearly, this can lead to much larger DCC. A careful study of DCC evolution in our model, with appropriate boundary conditions at the surface of Ω (where chiral field is fixed at θ = 0) requires numerical simulation of the chiral model in 3+1 dimensions, and we plan to present it in a future study.
If the patch is reasonably symmetric about θ = π after the overshooting (which should be the most generic case) then the field will roll down in different directions, covering entire S 3 once, and hence, leading to formation of a single large Skyrmion (due to fixed value θ = 0 outside Ω, see, ref. [11] ). This does not look like the standard picture of evolution of a large DCC. However, we now argue for the possibility that the evolution of such a configuration leads to spatial distribution of pions which can be grouped together in terms of definite values of R, thereby directly probing disoriented condensates of the chiral field. With the parameterization of chiral field used above, R depends only on angle φ on the vacuum manifold (R = cos 2 (φ)). Now, given the situation that we have a (very) large Skyrmion configuration in the region Ω (possibly of size 15 fm or so), the configuration should evolve to a spherically symmetric configuration of standard Skyrmion [11] during the process of its collapse, for energetic reasons. Let us assume the region Ω to be spherical (which should be fairly justified for late stages of evolution) with α and β being the polar and azimuthal angles on the surface of Ω (which is a two sphere S 2 ). Let us further assume that the Skyrmion configuration corresponds to angles θ, φ, χ on the chiral vacuum manifold S 3 varying spatially so that φ = α, χ = β and θ varying radially outward from θ = π at the center of Ω, to θ = 0 outside Ω (which is the true vacuum). With such a Skyrmion configuration, we see that the chiral field in a conical shell in Ω, corresponding to constant value of angle α, has fixed value of φ and hence corresponds to the same value of the ratio R. If we assume that pions will come out predominantly radially from Ω due to rapid expansion of the region (which does not seem unreasonable as these pions should also have very small momentum in the rest frame of the plasma) then we simply need to collect pions at the detector with fixed polar angle α. Since one does not know a priori, about the orientation of the Skyrmion configuration in Ω, one should analyze pions in conical shells with fixed α and with varying choices of the north pole of the two sphere in a 4π detector around the collision point (which also takes care of other parameterizations of chiral field). For one particular choice of the north pole one will start getting pions with R varying as cos 2 α, for each choice of circle on S 2 , say, in interval △α at fixed α. This analysis can be suitably adopted for fixed target experiments. This technique of analyzing pion distribution seems interesting by itself. If there is any axially symmetric phenomenon happening in heavy-ion collisions which leaves imprints on the distribution of low p T pions, then this analysis may be able to detect it.
We now discuss constraints on the value of T 0 in our model. For small T 0 , the chiral field does not pick up enough energy to overcome the central barrier. To get the lower limit T min for the value of T 0 we use instantaneous heating which gives lowest value for T min . We find that T min = 124 Mev, and 174 MeV for the longitudinal and spherical expansion cases respectively when τ 0 = 1 fm. (We give bounds on T 0 for η ′ = 0.25. For η ′ = 1.0 these values increase by about 10 %.) For τ 0 = 0.5 fm, we find that these values increase (for the instantaneous heating case), with T min = 140 Mev, and 237 MeV for the longitudinal and spherical expansion cases respectively. Even for a rather large value of τ 0 ≃ 4 fm, T min is about 109 and 122 MeV for the two cases respectively. The upper limit on the value of T 0 comes by realizing that if T 0 is too large, then the system may stay above T c or, more precisely, above the Ginzburg temperature T G (≃ 0.7T c , see ref. [10] ) for too long a time compared to the relaxation time scale (which we take to be of order 1 fm for rough estimates). In this situation, system will have enough time to thermalize which will split the entire region into different domains, typically of the correlation length size, with θ varying randomly from one domain to another. By requiring that the duration for which the system stays above T c (≃ 115 MeV) is smaller than 2 fm (for a conservative estimate) we get an upper bound T max on the value of T 0 . [When we take this duration to be 3 fm, the increase in T max is only by about 10 %. Even for duration as large as 5 fm, net increase in T max is by about 25 %.]
To get this upper bound, we again use instantaneous heating as that gives rise to largest allowed value of T max . We find, T max = 167 Mev for the longitudinal expansion case with τ 0 = 1 fm. T max increases with decreasing value of τ 0 with T max = 197 MeV for τ 0 = 0.5 fm. We do not use τ 0 smaller than 0.5 fm as that does not seem reasonable even for LHC and RHIC energies. [For the spherical case, we find T max = 350 MeV and 580 MeV for τ 0 = 1 fm and 0.5 fm respectively. However, spherical expansion model is not expected to be valid for times shorter than the transverse size of the plasma, which is much larger than 2 fm for large nuclei.] If we take f π = 125 MeV with the corresponding value of T c ≃ 151 MeV (for non-zero pion mass) then we find, that T max is increased to a value about 260 MeV, while T min is found to be about 185 MeV (for τ 0 = 0.5 fm). These values of T max are significantly lower than the value of the QGP temperature expected in central events at heavy-ion collisions at LHC and RHIC involving heavy nuclei. This suggests that in order to look for spectacular signals of DCC in these experiments one should analyze events with a range of values of impact parameter (i.e. lower multiplicity events) as the QGP temperature for large impact parameter collision will be expected to be smaller. Smaller nuclei should be more appropriate from this point of view. In fact, it seems that AGS and SPS, or even p − p (p −p) collisions, may be better suited for large DCC, especially if one analyzes events with a range of centrality (in this way some events may have T 0 falling in the right range for DCC formation). In this sense, Tevatron may indeed be a good place to look for DCC [2]. This seems entirely consistent with the observation of Centauro events where heavy nuclei are not expected to be involved.
We mention that the ideas discussed here have strong implications for condensed matter systems. One example is the formation of defects via a new mechanism, discussed in ref. [12] , where field oscillations and subsequent flipping (which is just like the chiral field overshooting to the opposite point on the vacuum manifold) leads to defect formation. Thus, if a small portion of superfluid helium, or superconductor, is heated rapidly, then it will lead to topological defect formation, without ever going through a phase transition. We will present these results in a separate work.
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